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The Effect of Lactobacillus helveticus and Propionibacterium 
freudenreichii ssp. shermanii Combinations on Propensity 
for Split Defect in Swiss Cheese 
by 
Steven R. White, Master of Science 
Utah State University, 2002 
Major Professor: Dr. Donald J. McMahon 
Department: Nutrition and Food Sciences 
One of the least controlled defects in Swiss cheese is development of splits. Split 
defect is characterized by fissures or cracks in the body of the cheese that can be as short 
as 1 em in length or long enough to span a 90-kg block. This defect appears during 
refrigerated storage after the cheese is removed from the warm room. Swiss cheese with 
splits is downgraded because it is unsuitable for use on high-speed slicing equipment (up 
to 1,000 slices per minute). 
A 2x2x2 factorial experiment was used to determine the effect of different 
commercial Lactobacillus helveticus starters combined with commercial gas-forming 
strains of Propionibacterium freudenreichii ssp. shermanii on the occurrence of split 
defect in Swiss cheese. Two strains of L. helveticus recommended for Swiss cheese 
IV 
manufacture were used along with two strains of P. freudenreichii ssp. shermanii. The 
same strain of Streptococcus thermophilus was used in all treatments. 
To investigate the influence of seasonal variations in milk supply, eight vats were 
made in the summer and eight vats were made in the winter, each producing five 90-kg 
blocks of cheese. Each 90-kg block of cheese was cut into twenty-four 4-kg blocks, and 
each 4-kg block was graded based on the presence of splits. If splits were present, the 
cheese was downgraded from A to C grade. 
Only small variations were found in the composition of cheeses made during the 
same season. There were no correlations between cheese moisture, pH, fat, protein, 
calcium, lactose contents, D/L lactate ratio, or protein degradation that could be used to 
predict the amount of splits present after 90 d of storage. 
The extent of split formation was influenced by both the L. helveticus and P. 
freudenreichii ssp. shermanii cultures used. In this study, we were able to show a five-
fold reduction in downgraded cheese through proper culture selection from 90% to 14% 
in the summer cheese. Even though less than 6% of the cheese split in the winter, the 
culture effect was nonetheless repeatable with a similar reduction through culture 
selection from 6% to 1% in winter cheese. Split formation also increases with storage 
time. If a cheese has a tendency to split, there will be a higher percentage of downgraded 
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LITERATURE REVIEW 
The Problem with Split Defect 
A large portion of the Swiss cheese manufactured in the U.S. is used in food 
service and deli operations; therefore, it is important that it be easily sliced. One of the 
most common defects in Swiss cheese is the development of splits. Split defect is 
characterized by fissures or cracks in the body of the cheese that can be as short as 1 em 
in length or long enough to span a 90-kg block. Split defect appears during refrigerated 
storage after the eyes have fully developed and the cheese is removed from the warm 
room. Once the cheese is cold, it has a firmer body and further gas production causes the 
cheese to fracture and form splits rather than increase the eye size (Hettinga et al. , 1974; 
Langsrud and Reinbold, 1974). Split defect in Swiss cheese causes similar problems for 
cut-and-wrap operations as do other defects associated with improper eye formation such 
as over-set cheese (large eye development). Over-set cheese, as well as splits, causes 
the cheese to fall apart when it is sliced, making the cheese unsuitable for use on high-
speed slicing equipment (up to 1,000 slices per minute). The optimum average eye 
diameter for slicing is 10 to 17 mm. If there are a considerable number of large eyes or a 
substantial number of splits, there will be excessive trim, waste, and even gummed-up 
slicers. Having splits or eye problems in the cheese will also result in the cheese being 
downgraded and sold at a lower price, which amounts to a difference of about 20 cents 
per kilogram (Skrzycki, 2000). 
Manufacture 
After cutting, Swiss cheese curd is cooked to 48-53°C and held for 30-60 min 
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depending on the desired moisture content and pH of the final product. The high cook 
temperature used in Swiss cheese manufacture reduces acid development and rapidly 
inactivates the coagulant. When the curd and whey are pumped together into universal 
vats (rectangular vats), the starter resumes acid development as the curd is pressed for 
approximately 16 to 24 h. After pressing, the curd mass is cut into blocks and brine 
salted. To ensure curd fusion and complete sugar metabolism, cheese is usually held at 4 
to 7°C (pre-cool room) for 5 to 14 d before it is moved to the warm room. In the United 
States, cheese warm rooms range from 20 to 25°C for 3 to 5 wk (Johnson, 2001). 
Lactic Acid Production 
In Swiss cheese, two major bacterial fermentations occur. The first is the 
conversion of lactose to lactic acid by lactic acid bacteria during the initial day of 
manufacture to brining or pre-cooling. Swiss cheese, like most cheeses, undergoes 
homolactic fermentation, with over 90% of the lactose being converted to lactic acid. 
This fermentation is usually accomplished by thermophilic lactic acid starter cultures. 
Lactic acid bacteria are gram-positive, nonmotile, nonsporulating bacteria 
(Madigan et al., 1997). Streptococcus thermophilus and Lactobacillus helveticus are the 
most common combination of lactic acid bacteria starters used in Swiss cheese 
production. S. thermophilus is used as the initial and primary lactic acid producer 
(Steffen et al., 1993). L. helveticus, used as a secondary acid producer, helps control the 
pH ofthe cheese, causes proteolysis in the later stages of ripening, and contributes to the 
formation of specific flavor compounds (Palma et al., 1987). Lactose metabolism 
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typically utilizes the Emden-Meyerofpathway with a net gain of two ATP and two 
lactate molecules per glucose molecule fermented. This pathway is characterized by the 
formation of fructose-1 ,6-diphosphate, which is split by a fructose-1 ,6 diphosphate 
aldolase into dihydroxyacetone-phosphate and glyceraldehyde-3-phosphate. 
Dihydroxyacetone-phosphate and glyceraldehyde-3-phosphate are then converted to 
pyruvate in a metabolic sequence as well as substrate-level phosphorylation at two sites. 
Under normal vat conditions from the time the starter is added until 18 to 24 h later, i.e., 
before brining, pyruvate is reduced to D and L lactic acid by stereospecific NAD+-
dependent lactate dehydrogenases, thus reoxidizing the NADH formed throughout the 
earlier glycolytic steps. A redox balance is thus obtained, and D and/or L-lactic acid are 
essentially the only end-products (Salminen and von Wright, 1998). 
Propionic Acid Production 
The second important bacterial fermentation during Swiss cheese manufacture is 
the conversion of D- and L-lactate to propionate, acetate, and C02 by propionibacteria 
when the cheese is stored in the warm room at 20-25°C (Steffen et al., 1993). 
Propionibacteria are gram-positive, pleomorphic, nonmotile, anaerobic, nonsporulating 
rods (Madigan et al., 1997). Five species of dairy propionibacteria are currently 
recognized: Propionibacterium freudenreichii ssp. freudenreichii, P. freudenreichii ssp. 
shermanii, Propionibacterium thoenii, Propionibacterium acidipropionici, and 
Propionibacteriumjensenii (Lyon and Glatz, 1995). Propionibacteria grow under 
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anaerobic conditions and occur naturally in the rumen of cattle and other ruminants. In 
Swiss-type cheeses, P. freudenreichii is the most widely used (Gautier et al., 1995). 
Propionate metabolism by propionibacteria involves several reactions arranged in 
cycles (Figure 1 ). Lactate is initially oxidized to pyruvate via a NAD+ -independent 
lactate dehydrogenase. The fom1ation of oxaloacetate by transcarboxylation, in which 
the COOH group of rnethylmalonyl-CoA reacts with pyruvate to form oxaloacetate and 
propionyl-CoA, follows the formation of pyruvate. Oxaloacetate is reduced to succinate 
via malate and fumarate in two NADH requiring reactions. Succinate is then converted 
to propionate via methylmalonyl-CoA intermediates (succinyl-CoA and propionyl-CoA) 
(Piveteau, 1999). 
Propionibacteria have additional metabolic capabilities including the utilization of 
hexose sugars yielding pyruvate via the Embden Myerhof-Pamas (EMP) pathway 
(Langsrud and Reinbold, 1973abc). Metabolism ofpentoses to pyruvate may also take 
place via transketolase-transaldolase conversion to fructose 6-phosphate. Under 
anaerobic conditions, most of the glucose utilization to pyruvate is through the EMP 
pathway. Piveteau et al. (1995) reported that all strains of propionibacteria metabolize 
lactose, but lactose in whey-based media containing lactate was not utilized until nearly 
all lactate was metabolized. 
Propionibacteria may also produce propionic acid from succinate, acetate, 
glycerol, pyruvic acid, and peptone (Langsrud and Reinbold, 1973c). L-lactate is used 
preferentially over D-lactate because L-lactate metabolism results in the production of 






























Figure 1. Cycles involved in propionic acid fermentation. All the reactions are directed 
towards propionate production even though the reactions are reversible. 
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lactate dehydrogenase activity (Langsrud and Reinbold, 1973c; Piveteau et al., 1995; 
Thierry et al., 1999). Propionic acid contributes to the characteristic nutty flavor of Swiss 
cheese, while the carbon dioxide produced is responsible for eye formation. The ratio of 
propionate to acetate is strain dependent with a range 1.1:1.0 to 2.2:1.0 reported by 
Langsrud and Reinbold (1973c ). Optimal growth of propionibacteria is between pH 6.0-
7.0 at 20 to 25°C, with propionic acid production increasing at pH less than 6.0 
(Langsrud and Reinbold, 1973c). 
Protein Degradation and Amino Acid 
Metabolism by Propionibacteria 
Proteolysis is one of the major phenomena occurring during ripening of Swiss-type 
cheese. Three types of proteolytic agents are involved in cheese ripening: rennet, 
indigenous milk proteinase (plasmin), and starter and nonstarter proteinases and 
peptidases (Gagnaire et al., 1998). In Swiss cheese, most ofthe rennet is inactivated 
during the heating of the curd and does not play a significant role in proteolysis. In 
contrast, plasmin is mainly responsible for the hydrolysis of intact caseins (Steffen et al., 
1993). Because of its specificity, plasmin cannot produce the small peptides and amino 
acids present at high levels in Swiss cheeses at the end of ripening. Consequently, 
bacterial peptidase activity is required to hydrolyze large peptides (Steffen et al., 1993; 
Gagnaire et al., 1998). Hydrolysis of large molecular weight plasmin-derived peptides by 
starter culture proteinases and peptidases release short-chain water-soluble polypeptides 
and free amino acids. These metabolites contribute to the development of the 
characteristic flavor, body, and texture of Swiss-type cheese. Several reports suggest 
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pep tides stimulate the growth of propionibacteria in the presence of starter bacteria due to 
peptide stimulation (Langsrud and Reinbold, 1973c; Piveteau et al., 1995; Thierry et al., 
1999). Baer (1995) reported poor growth of propionibacteria in medium containing milk 
alone. Furthermore, rennet added to milk alone or together with plasmin in the absence 
of starter bacteria did not increase or stimulate growth of propionibacteria. The low 
proteinase activity of propionibacteria renders their growth dependent on primary 
hydrolysis of casein by starter bacteria. In an experiment, propionibacteria were grown 
in two substrates, amino acids, and then peptides. The growth measured with peptides 
was approximately twice as high as on amino acids, demonstrating that propionibacteria, 
like lactic acid bacteria, generally prefer peptides for growth (Baer, 1995). Preference 
for peptides is a common feature among bacteria and is probably related to the efficiency 
of peptide transport into the cell compared with that of amino acids (Thierry et al., 1999). 
Interactions Between Lactic Acid 
Bacteria and Propionibacteria 
Piveteau et al. ( 1995) reported a variety of interactions between 14 strains of lactic 
acid bacteria and four strains of propionic acid bacteria grown in whey. All 
propionibacteria strains were stimulated by L. helveticus and S. thermophilus. Growth 
rates of propionibacteria increased up to 17% with a doubling of the final cell mass in the 
presence of L. helveticus. Stimulation of P. freudenreichii by L. helveticus showed that 
the increase in growth rate and cell yield coincided with an increased conversion of 
lactate to propionate and acetate. S. thermophilus increased the growth rates up to 6% 
and also increased the cell mass significantiy. The stimulatory activity of Lactobacillus 
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acidophilus and Lactococcus !act is depended on the strain of propionibacteria used 
(Piveteau et al., 1995). The effect of mixed lactic acid bacteria cultures, including L. 
helveticus, on propionibacteria growth was studied in an Emmental juice-like medium 
and resulted in doubling times increasing up to 20% and lactate consumption increasing 
up to 52% after 25 d of incubation. Propionibacteria were also stimulated by pep tides, 
low levels of free amino acids, and a low D/L-lactate ratio (Thierry et al., 1999). Amino 
acids can be metabolized by propionibacteria in the presence of lactate, with aspartate, 
serine, glycine, alanine, and glutamic acid more favorably metabolized (Langsrud et al., 
1995; Piveteau et al. , 1995). Aspartate is the only amino acid known to stimulate 
propionibacteria. In whey, free aspartate concentrations greater than 15 times the 
concentration found in the starter whey were needed to stimulate growth (Piveteau et al. , 
1995). 
Eye Formation 
A pliable curd mass is necessary for development of round eyes rather than slits or 
cracks. Pliability or elasticity of cheese results from protein density, physiochemistry 
(strongly influenced by pH and bound calcium), and temperature (Mocquot, 1979; 
Johnson, 2001). As C02 is formed, it accumulates at locations where air has been 
entrapped during processing or at sites where the curd is not tightly fused. Gas exerts 
pressure on the protein network. If the protein network is elastic, it bends or gives but 
does not break, forming an eye. If the protein network is too rigid, it cannot withstand 
the pressure, and a slit will form . Curd elasticity is a phenomenon related to hydration of 
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casein, calcium-phosphate bonding, and electrostatic and hydrophobic interations 
between casein molecules. Thus, rate and extent of acid development (pH) at whey 
drainage and pressing must be controlled. To accomplish this, high cook temperatures 
(48-53°C) are necessary in order to achieve slow acid development before separation of 
curd and whey at pressing. 
The temperature at which cheese is stored affects growth of the propionibacteria 
as well as the elasticity of the protein network. The warmer the cheese, the more elastic 
the protein. The rate of gas development is also critical for eye formation . If gas 
develops too rapidly and the casein network cannot handle the gas pressure, splits will 
form. If gas forms too slowly, the cheese may become under-set, resulting in small eyes 
or blind cheese (no eyes). Problems can also occur if cheese makers leave cheese in the 
warm room too long, resulting in over-set cheese (large eyes). After the eyes form, Swiss 
cheese is cooled and stored at 4°C to prevent further gas development (Johnson, 2001). 
Causes of Split Defect 
Formation of splits has been attributed to a wide variety of causes and interactions, 
including starter or nonstarter propionibacteria that produce gas at the cold room 
temperatures of 4 to 7°C (Park et al., 1967; Hettinga et al., 1974), cheese elasticity in 
relation to proteolysis (Johnson, 2001 ), starter or nonstarter lactic acid bacteria metabolite 
stimulation of propionibacteria (Thierry et al., 1999), and the presence of Clostridium 
tyrobuyricum spores (Dasgupta and Hull, 1989). It has been reported that some strains of 
P. freudenreichii ssp. shermanii metabolize lactate and release substantial amounts of 
C02 at low temperatures ( 4 °C) typical of Swiss cheese storage (Park et al., 1967; 
Hettinga et al. , 1974). Swiss cheese made with such propionibacteria had a greater 
tendency to produce splits compared to cheese made with strains lacking this low 
temperature growth ability. However, Swiss cheese made with the non-cold tolerant 
strains still contained some splits. 
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Fedio et al. (1994) studied gas production in rindless block Swiss cheese after 90 
d of aging. Gas production was measured in vacuum-packed retail-sized portions stored 
at either 7, 12, or 17°C for 28 wk. Excessive gas production was observed in the cheeses 
kept at 12 and 17°C, while little gas was produced in cheese during the rc storage. It 
was also shown that acetic and propionic acid levels increased substantially as gas 
production increased. It was concluded that a simple way for potential gas production in 
rindless block Swiss cheese was to age the cheese longer than the U.S . standard of 60 d 
or until sufficient lactate catabolism occurred (Fedio et al. , 1994). 
Proteolysis may also play a significant role in split defect development. As 
cheese ages, casein is hydrolyzed by residual coagulant, nonstarter bacteria, and plasmin 
(native milk proteinase). This proteolysis eventually destroys the elastic properties of the 
casein network. Thus, if gas is formed in cheese after extensive proteolysis, splitting may 
be more extensive. Common indices for proteolysis in the cheese include concentrations 
of water-soluble nitrogen or non-protein nitrogen, the activity levels of different 
proteolytic enzymes (e.g., aminopeptidases ), and hydrolysis of intact casein as 1-casein 
and P-casein (Steffen et al. , 1993; Polychroniadou et al., 1999). Hammond and Reinbold 
(1965) and Park et al. (1967) found no correlation between the split defect and 
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proteolysis using formal titration. Langsrud and Reinbold (1973c) described Swiss 
cheese as an alpha ripening cheese where there is a greater rate of disappearance of intact 
as 1-casein than of P-casein during storage. The rate of intact as 1-casein disappearance 
may not be as high today versus 30 yr ago because the use of milk clotting enzymes 
extracted from Cryphonectria parasitica has been a replacement for chymosin in recent 
U.S. Swiss cheese production. The activity of the milk clotting enzymes of C. parasitica 
towards P-casein is much higher than chymosin. Consequently, today's Swiss cheese 
would be expected to have some varying proteolytic characteristics that the earlier 
studies. At this time, proteolysis and hydrolysis of as 1-casein and P-casein provide little 
information on the relationship of proteolysis to split defect (Grappin et al., 1999; 
Langsrud and Reinbold, 1973c). 
Stimulation of propionibacteria by starter or nonstarter lactic acid bacteria may also 
be related to proteolysis and, thus, split formation. As previously noted, propionibacteria 
are stimulated by the metabolic products (i.e., peptides, aspartate, L-lactate) of L. 
helveticus, S. thermophilus, L. acidophilus, and L. lactis (Langsrud et al., 1995; Piveteau 
et al., 1995; Thierry et al., 1999). Amino acids may be further hydrolyzed by 
decarboxylation, deamination, and transamination. Eye and crack formation by C02 
resulting from the decarboxylation of glutamic acid to y-aminobutyric acid was 
postulated by Zoon and Allersma (1996). They suggested lack of eye formation in 
Gouda cheese made at 43°C was not due to the greater firmness of the curd, but instead 
to low glutamic acid decarboxylation activity. Wyder et al. (200 1) reported 
propionibacteria culture selection led to two completely different Swiss cheeses 
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(biochemically) at 6 and 12 mo. Significant differences were found in propionibacteria! 
counts, lactate utilization, aspartate utilization, free short chain acids, C02 production, 
number of eyes, size of eyes, and aroma. Cheeses made using a propionibacteria starter 
with high aspartase activity produced larger sized eyes along with a greater number of 
eyes. Aspartase activity in propionibacteria could be an indicator of split defect if gas 
production persists in the cold room. 
Seasonal late blowing in Swiss and Gouda cheese studied by Dasgupta and Hull 
(1989) is another phenomenon that could be related to split defect. Low quality (high 
spore count, high pH) silage used during the winter was the most probable source of 
clostridial contamination. Lactate decomposition by C. tyrobutyricum into butyric acid, 
acetic acid, carbon dioxide and hydrogen causes cheese to blow. There was significant 
correlation to late blowing when spore-forming C. t1yrobutyricium was present at levels 
above 1 spore per 5 ml of milk (Dasgupta and Hull, 1989; Steffen et al., 1993). 
In the end, split defect may be caused by any one or a combination of the causes 
noted above. Nevertheless, no one has been able to demonstrate significant differences in 
the biochemistry and microbiology of split and normal cheese. Insight into the 
mechanism of the defect should make it easier to verify if microbial or biochemical 
attributes are responsible. 
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HYPOTHESES AND OBJECTIVES 
The hypotheses of this study were: 
1. Both Lactobacillus he/veticus and Propionibacterium freudenreichii ssp. 
shermanii starters have an effect on the incidence of split defect in Swiss cheese. 
2. The biochemical and microbiological profile of Swiss cheese can be used to 
predict the prevalence of splits. 
The objectives of this study were: 
1. To determine whether different combinations of Lactobacillus helveticus and 
Propionibacterium freudenreichii ssp. shermanii commercial starter bacteria have 
an effect on the amount of splits appearing in Swiss cheese after 60 and 90 d of 
storage. 
2. To determine if there are differences between split and normal cheeses with 
regards to moisture, fat, protein, calcium, DIL lactate, lactose contents, proteolytic 
breakdown during storage, and changes in cheese starter and nonstarter bacteria in 
cheese during storage. 
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MATERIALS AND METHODS 
Cultures 
Direct set cultures, suitable for Swiss cheese manufacture, L. helveticus, P. 
freudenreichii ssp. shermanii, and S. thermophilus were obtained from DSM Food 
Specialties (Millville, UT). Two strains of L. heiveticus designated (L 1, L2) were used 
along with two strains of P. freudenreichii ssp. shermanii designated (P 1, P2). The same 
strain of S. thermophilus was used in all treatments. Acid production rates for the 
lactobacilli strains Ll and L2 were the same. Their overall proteolysis was also similar 
based on the o-phthaldialdehyde test, 0.90 and 1.04 for Ll and L2, respectively (see 
Appendix A) (Church eta!., 1983; Oberg eta!., 1991). 
Cheese Manufacture 
Swiss cheese was manufactured at Ragersville Swiss Cheese Inc. (Sugarcreek, 
OH). The finished cheese was shipped and graded at Brewster Dairy Inc. (Brewster, 
OH). Eight vats of cheese were made in summer (August), and eight vats were made in 
winter (January). Cheeses were manufactured using the traditional rindless block 
procedure as described by Reinbold (1972). Milk was standardized to 3% fat, and 5,400 
kg of milk at 34°C was pumped into each double-0 cheese vat (Damrow DEC 
International, Fond du Lac, WI). The culture combinations (L 1 P 1, L 1 P2, L2P 1, L2P2) 
plus S. thermophilus starter were added at inoculum levels based on the manufacturer's 
recommendation as the milk was pumped into the vats. Inoculated milk was ripened for 
45 min and then set with 285 ml of Sure Curd® (Cryphonectria parasitica) coagulant 
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(Pfizer, Inc., Milwaukee, WI) diluted in 2 L of water. After 30 min, the curd was cut and 
allowed to heal for 40 min. The curd was cooked to 49°C over 30 min then held at 49°C 
for approximately 45 min. The whey and curd were then pumped to the universal vats. 
The whey was drained and the curd was pressed for 18 h. After pressing, cheese samples 
were taken for pH, compositional, and microbial analysis. The cheese was then cut into 
five 90-kg blocks that were brined for 24 h. After brining, the blocks were air-dried, then 
vacuum packed and placed in a 4°C pre-cool room. On d 7, the blocks were sampled and 
placed in a 21 oc warm room for eye development. After approximately 21 d in the warm 
room, the cheeses were examined, and if eye development was adequate, the cheese was 
transferred to cold storage (4°C). Ripening time in the warm room ranged from 24 d to 
30 d. The cheese was cut and graded at 60, 90, and 120 d. 
Grading 
Grading was performed at Brewster Dairy Inc. (Brewster, OH). Each 90-kg block of 
cheese was cut into twenty-four 4-kg blocks, and each 4-kg block was graded for the 
presence of splits. If splits were present, the cheese was downgraded from A to C grade. 
Sampling 
Cheese was sampled at 1 d (before brine), 7 d (before warm room), 28 d (before 
finishing-cooler), 60 d, 90 d, and 120 d. Microbial analysis was conducted at each 
sampling point; pH was measured at 1 d, 7 d, and 28 d, and the remaining samples were 
frozen and stored for further analysis. Fat, protein, moisture, calcium, DIL lactate ratios, 
and lactose were determined from d-1 samples. Proteolysis was measured for 
trichloroacetic acid (TCA) soluble N with 1-d and 120-d samples, and by capillary 
electrophoresis on all samples. 
Cheese Composition 
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Cheese pH was measured using the gold electrode/quinhydrone method (Marshal, 1992). 
Moisture, fat, and protein were determined using near infrared light absorption (Instalab 
600 NIR Product Analyzer, Dicky-John, Auburn, IL). Calcium was determined using 
inductively coupled plasma atomic emission spectroscopy (US EPA, 1992). Lactic acid 
isomers D and L were determined enzymically (Kit# 112821, Boehringer Mannheim, 
Indianapolis, IN). Residual lactose was determined enzymically (Kit# 176303, 
Boehringer Mannheim, Indianapolis, IN) 
Proteolysis 
Proteolysis was measured using capillary electrophoresis (PACE 2100 system, 
Beckman Instruments, Inc., Fullerton, CA) according to the method of Strickland et al. 
(200 1) (Appendix A). Percent corrected peak areas were used for calculating the extent 
of hydrolysis of intact as 1-casein and P-casein. The water-soluble peptide fraction of 
casein hydrolysis was determined using 12% TCA-soluble nitrogen method as described 
by Butikofer et al. (1993) and Polychroniadou et al. (1999) (Appendix A). 
Microbiological Analysis 
Esculin Cellobiose was used to differentiate between Lactobacillus, Pediococcus, 
and Streptococcus species at 1, 7, 28, 60, 90, and 120 d based on colony morphology, 
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color, and diameter (Hunger, 1986) (Appendix A). Plates were incubated at 40°C for 48 
h in gas packs. Duplicates of alike colonies from d-7 sampling were isolated and tested 
using API 50 identification method (BioMerieux, Lombard, IL) for species classification. 
Enumeration of total lactic acid bacteria was determined using MRS agar medium 
(DeMan et al., 1960). Enumeration of streptococci was performed only in cheeses made 
during the winter using M-17 agar (Terzaghi and Sandine, 1975). 
Statistical Analysis 
The data were analyzed as a 2x2x2 factorial with two seasons (summer, winter) and 
four treatments incorporating two L. helveticus cultures and two P. freu.denreichii ssp. 
shermanii cultures. Statistical analysis was performed using SAS® (1991). The 
treatments were completed in duplicate for each season. Covariance analysis was applied 
to account for any differences in composition during manufacture. Analysis of variance 
and means were compared using the SAS Mixed procedure for the differences of least 
squares means. The Tukey-Kramer honest significant deference (HSD) adjustment of 
least squares means was also used. Pearson correlation coefficients using the SAS Corr 
procedure were obtained to investigate possible linear correlations between the grade of 
the cheese at 90 d and the compositional or proteolytic profiles of the treatments. 
Significance was declared at a .s 0.05. Contrasts were used in the previous SAS 
procedures for d-90 and d-120 data in order to overcome the effects of missing winter 
L2P2 treatment combination cheeses. 
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RESULTS AND DISCUSSION 
Cheese Composition 
The target pH for the cheese was 5.15 ± 0.05 at 18 h after culture addition. This 
target was met for both seasons (Table 1). The summer cheese seemed to rise in pH more 
than the winter cheese from h 18 to d 28. The mean pH for the summer cheese at d 28 
was 5.41; the winter cheese mean pH was 5.30 at d 28. Only small variations were 
generally found in the composition of cheeses made during the same season, i.e., summer 
or winter (Table 2). There were several statistically significant differences, for example, 
moisture content in summer cheese was in the range 37.0 to 37.9%; the winter cheese 
was between 35.0 and 35.5% moisture. This was significantly different (P < 0.05 level) 
even though the make procedure was identical for both seasons. This difference 
Table 1. pH values for Swiss cheese made during 
winter and summer using Lactobacillus helveticus 
(L 1 ,L2) and Propionibacterium freudenriechi ssp. 
shermanii (PI, P2) culture combinations. 
Cheese 18 h 7d 28 d 
Summer 
LlPl 5.14 5.31 5.45 
LlP2 5.14 5.25 5.42 
L2Pl 5.19 5.30 5.38 
L2P2 5.15 5.28 5.39 
Winter 
LIPI 5.16 5.23 5.30 
LIP2 5.14 5.26 5.31 
L2Pl 5.10 5.20 5.28 
L2P2 5.10 5.25 5.32 
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Table 2. Average composition of cheeses for each treatment within season. 
Cheese Moisture Fat Protein Ca Lactate D/L Ratio 
Summer -------------------------------(~)------------------------------
L1P1 37.9 a 32.0 c 26.1 ab 0.97 a 0.31 a 
LIP2 37.4 ab 32.8 be 26.4 ab 0.94 a 0.18 b 
L2P1 37.0 b 33.5 b 26.3 ab 0.95 a 0.17 b 
L2P2 37.1 b 32.9 be 26.5 ab 0.98 a 0.20 b 
Winter 
LlPl 35.5 c 34.6 ab 27.2 a 0.98 a 0.17 b 
LIP2 35.2 c 34.9 a 26.0 b 0.96 a 0.15 b 
L2Pl 35.0 c 35.0 a 26.7 ab 0.95 a 0.19 b 
L2P2 35.5 c 34.6 ab 26.7 ab 0.97 a 0.19 b 
a,b,c Means within same column with no common superscript differ (P < 0.05). 
in moisture content is probably related to seasonal differences in milk composition. 
There was a 2~ difference in cheese fat content between summer and winter (Table 
2). Cheeses made in winter using LlP2 and L2Pl combinations were significantly 
higher in fat than all summer treatment combinations. Winter L 1 P 1 and L2P2 cheeses 
were significantly higher in fat than summer LlPl cheeses. On a fat dry basis, the 
seasonal difference was less since the moisture difference was 2~ between summer and 
winter cheeses. There were few differences in protein content between the cheeses. 
Winter LIP l was significantly higher in protein than winter LIP2 (Table 2). This 
significant difference was likely a function of moisture. There were no significant 
effects of culture on the rest of the treatment combinations for winter and summer. 
The DIL lactate ratios were the same for all cheeses except for summer L 1 P 1. In this 
study, L-lactate represented 69 to 85~ of the total lactate present in the cheese with a 
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mean total lactate (D+L) of 1.17 g of lactate/100 g of cheese at 18 h. These levels were 
consistent with previous research reported by Steffen et al. (1993) where 71% ofthe total 
lactate was L-lactate with a mean total lactate of 1.2 g/lOOg at 15 h. Streptococcus 
thermophilus fermentation typically produces L-lactate, but L. helveticus yields both L-
and D-lactic acid (Steffen et al., 1993). There was no significant effect of culture on 
calcium or lactose content between the cheeses (Table 2). There was less than 0.03 g 
lactose/1 00 g of cheese in all the cheeses after 1 d. 
Proteolysis 
An example of capillary electropherograms of Swiss cheese at 1, 7, 28, and 90 d are 
shown in Figure 2. Clear separation of peaks was obtained and peaks corresponding to 
as1-casein and P-casein (Al and A2), as1-casein (f 1-23), and as1-casein (f24-199) 
were identified by elution of pure standards. Based on results reported by Recio eta!. 
(1997) and Otte et al. (1999), presumptive identification of other peaks in the 
electropherograms were also made for as1-casein 9P and P-casein B. Only the asl-
casein and P-casein (Al and A2) peaks were included in calculations for protein 
hydrolysis. Similar proteolysis patterns were observed in all of the cheeses. The 
amounts of intact as 1-casein and P-casein decreased at a similar rate over time in all of 
the cheeses (Figures 3 and 4 ). Formation of as 1-casein (f 24-199) was apparent by d 28. 
There was more overall degradation of as 1-casein and P-casein in the cheeses made 
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Figure 2. Capillary electropherogram of milk proteins during ripening in summer Swiss 
cheese made using L 1 P2 culture combination. Migration of intact proteins and 
hydrolysis products is indicated by the following numbers: (1) as 1-casein (f 1-23), (2) 
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Figure 3. Disappearance of intact as 1-casein( • ), ~-casein Al ( • ), and ~-casein A2( + ) 
in Swiss cheese made from summer milk. Dotted lines represent the time the cheese was 
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Figure 4. Disappearance of intact as 1 -casein( A), ~-casein A 1 ( • ), and ~-casein A2( +) 
in Swiss cheese made from winter milk. Dotted lines represent the time the cheese was 
held in the warm room at 21 °C. 
23 
This could be attributed to the 2% higher moisture level in the summer cheeses with a 
subsequent increase in the rate of casein hydrolysis. 
Previous research on as 1-casein degradation in Swiss cheese (Steffen et al., 1993; 
Fox and McSweeny, 1996; Grappin et al., 1999) has shown high concentrations of intact 
as 1-casein remaining after manufacture. This observation was attributed to the rapid 
inactivation of coagulant during the high cook temperature used in the manufacture of 
Swiss cheese. It has been suggested by Fox and McSweeny (1996) and Bastian et al. 
(1997) that indigenous milk enzymes (e.g., plasmin) contribute to the hydrolysis of as 1-
casein in Swiss cheese. 
Significant sources of variation for intact as1-casein content were season, storage 
time, and the two-way interactions of season x culture, season x time (Table 3). The only 
Table 3. ANOV A of factors that may affect the concentration of intact as}-
casein and P-casein (A 1 and A2) remaining in cheese as a function of season, 
culture, and time. 
p 
Source of variation as1-casem P-casein AI P-casein A 
Season 0.003 0.421 0.016 
Culture 0.522 0.617 0.328 
Time 0.001 0.001 0.001 
Season x culture 0.032 0.218 0.810 
Season x time 0.004 0.032 0.688 
Culture x time 0.366 0.529 0.994 
Season x culture x time 0.325 0.059 0.917 
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significant source of variation for intact as 1-casein, when each sampling time was 
analyzed individually, was season at 60 d (Table 4). Culture had no significant effect on 
protein hydrolysis of intact caseins during storage of the cheese. Although there was 
statistical significance at 60 d, there was no detectable relationship between extent of 
a 8 1-casein hydrolysis and prevalence of splits. 
It was estimated that 14% of the intact ast-casein had been hydrolyzed in the 
summer cheeses while only 10% had been hydrolyzed in the winter cheeses between d 1 
(before brine) and d 7 (before warm room) (Figures 3 and 4). In this time period, the 
temperature of the brine and cold room was 4°C. From 7 d to 28 d, the cheese was cured 
in the warm room at 21 °C, and approximately 30% additional intact as 1-casein wa<; 
hydrolyzed during this period, for both winter and summer. It was estimated that another 
30 to 35% of the intact as1-casein had been hydrolyzed during the 28 d to 60 d storage 
period in the cold room (4°C) for both seasonal cheeses. There was a slight decrease in 
the rate of as 1-casein hydrolysis after 28 d of storage. This can be attributed to the 
colder storage temperature although with 90-kg blocks, stacked five high, the cheese 
takes considerable time to cool down to 4°C (Reinbold et al., 1992). No change from 60 
to 120 d ( 4 °C) in as ]-Casein degradation was observed for winter and 1.1 o/o change in the 
summer cheeses (data not shown). 
Significant sources of variation for residual levels of intact P-casein Al were time 
and the two-way interaction of season x time (Table 3). The only significant source of 
variation for intact P-casein A 1 at each sampling time was the two-way interaction of 
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Table 4. ANOV A of factors that may affect the concentration of intact as 1-casein and 
P-casein (A1 and A2) remaining in the cheese for season and culture at each sampling 
time. 
p 
Source of variation as1-casem P-casein A1 P-casein A2 
1 d 
Season 0.473 0.174 0.311 
Culture 0.891 0.455 0.717 
Season x culture 0.627 0.504 0.702 
7d 
Season 0.349 0.473 0.179 
Culture 0.134 0.731 0.287 
Season x culture 0.320 0.455 0.780 
28 d 
Season 0.388 0.127 0.728 
Culture 0.151 0.530 0.172 
Season x culture 0.838 0.429 0.300 
60 d 
Season 0.008 0.155 0.005 
Culture 0.413 0.629 0.583 
Season x culture 0.563 0.957 0.695 
90 d 
Season 0.250 0.178 0.369 
Culture 0.661 0.089 0.583 
Season x culture 0.164 0.013 0.682 
120 d 
Season 0.167 0.771 0.334 
Culture 0.310 0.571 0.834 
Season x culture 0.550 0.316 0.420 
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season x culture at 90 d (Table 4). Significant sources of variation for intact P-casein A2 
content were season and time (Table 3). The only significant source of variation for 
intact P-casein A2 at each sampling time was season at 60 d (Table 4). Although 
significance at 60 d shows a difference in cheeses in this study, like the asi-casein 
significance at 60 d, no evidence was noted to suggest a relationship to P-casein 
hydrolysis and splits. 
It was estimated that I7% of the intact P-casein Al and 15% of P-casein A2 had 
been hydrolyzed in the summer cheeses between d I (before brine) and d 7 (before warm 
room) (Figures 3 and 4). Approximately 9% of the intact P-casein AI and IO% of P-
casein A2 had been hydrolyzed in the winter cheeses during the same period. 
Approximately 36% of the intact P-casein Al and 32% of P-casein A2 were hydrolyzed 
in the summer cheeses during the 7 d to 28 d of warm room storage. A higher level, 
nearly 38% of the intact P-casein (AI and A2), had been hydrolyzed in the winter cheeses 
during warm room storage. It was estimated that 25% of the P-casein A I and 29% of P-
casein A2 had been hydrolyzed in the summer cheeses from 28 d to 60 d of storage in the 
cold room (4°C), but only I3% ofboth P-casein AI and A2 had been hydrolyzed in the 
winter cheese over the same period. No change from 60 to I20 din P-casein (Al and 
A2) degradation was observed for summer cheeses. A 1.5% change was observed in the 
winter P-casein Al levels and 5.2% in P-casein A2 levels in cheeses from 60 to 120 d. A 
recent study by Bastian et al. (I997) showed similar rates of P-casein degradation with 
43% of intact P-casein being hydrolyzed over a 42-d ripening period. 
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In cheeses such as Cheddar and Mozzarella that use chymosin as the coagulant, the 
breakdown of as 1-casein occurs more rapidly than does that of P-casein (Dave et a!., 
1999; Strickland eta!., 2001). Swiss cheese had earlier been described as an alpha 
ripening cheese in which the as1-casein peak had the greatest rate of disappearance in 
comparison to the P-casein (Langsrud and Reinbold, 1973c ). However, more recent 
studies and unpublished work at the Western Dairy Center agree with the observations 
made during this study that the rates of as 1-casein and P-casein degradation in Swiss 
cheese manufactured in the United States are similar (Bastian eta!., 1997; Brotherson, 
1997; Grappin eta!., 1999). 
The reason for the differences between the earlier and more recent research in 
Swiss cheese may be attributed to a number of factors . Differences in make procedure 
(e.g., cook temperature) may create differences in amount of residual coagulant in the 
cheese. The C. parasitica coagulant often used in Swiss cheese manufacture has a 
different specificity towards as 1-casein and P-casein than does chymosin. When C. 
parasitica coagulant is used, an increased amount of P-casein degradation is observed 
(Bogenrief and Olsen, 1995; Bastian eta!., 1997; Dave et al., 1999). Cryphonectria 
parasitica is also more temperature sensitive than is chymosin (Garnot and Molle, 1987). 
Finally, capillary electrophoresis also allows more accurate measure of protein 
degradation during storage than was previously possible with other analysis methods 
(Strickland eta!. , 2001 ). 
Table 5. ANOV A of factors that may 
affect TCA-N formation in the cheese 






Season x culture 0.303 
Season x time 0.038 
Culture x time 0.291 
Season x culture x time 0.146 








a,b,c Means with no common 
superscript differ (P < 0.05). 
1.8C 
1.0 b 
Significant sources of variation for TCA-N were season, storage time, and the two-
way interaction of season x time (Table 5). There was no significant effect of culture on 
TCA-N. From 1 d to 120 d, TCA-N was significantly greater for both seasons. The 
summer cheese at 1 d was not significantly different from winter cheese at 1 d, but 
summer and winter d-1 cheeses were significantly different from winter and summer day-
120 cheeses. Summer cheeses at 120 d had significantly higher TCA-N than did winter 
cheeses at 120 d (Table 6). The higher amount of proteolysis in the summer cheeses 
reflects a higher rate of casein hydrolysis due to the increased moisture content of the 
cheeses. 
Microbiological Analysis 
When starter and nonstarter bacterial populations were examined using Esculin 
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Figure 5. Nonstarter (dotted lines) and starter lactobacilli enumeration on Esculin 
Cellobiose agar (summer). Cheese was made using L1P1(.A), LIP2(•), L2P1(e), and 
L2P2(+). 
at d 1 (around 108 cfulg) but decreased 10-fold to approximately 107 cfulg by d 7 (Figure 
5). By d 28 the numbers of starter lactobacilli had declined below 104 cfulg and were 
no longer discemable at either d 60, 90, or 120 because nonstarter lactobacilli dominated 
cheese flora. Colonies of nonstarter bacteria that were isolated and identified using the 
API typing method were Lactobacillus rhamnosus and Lactobacillus paracasei (Table 7). 
The nonstarter population was less than 1 04 cful g at d 1, then increased to 1 08 cfu/ g by d 
7, and stayed at that concentration at further samplings. There were no differences in 
starter and nonstarter populations except that the starter culture L2 appeared to decrease 
in numbers faster than did L I. This disappearance of starter lactic acid bacteria in Swiss 
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Table 7. Colony morphology of lactobacilli grown on Esculin Cellobiose agar 40°C, 48 
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brown 
cheese has been observed by other researchers as reviewed by Grappin et al. (1999). 
Crow et al. ( 1995) reported viable starter lactic acid bacteria concentrations at 108 to 109 
cfulg in Cheddar cheese at d 1 while nonstarter lactic acid bacteria were present at only 
102 cfulg. 
Hunger ( 1986) reported that L. rhamnosus had a circular and poorly to strongly 
erosed colony morphology on Esculin Cellobiose agar. One of our colonies identified as 
L. rhamnosis had a circular, undulate morphology (wavy, shallow indentations rather 
than irregularly notched) and another identified L. rhamnosis had a circular, smooth 
morphology with a small punktiform in the center of the colony. Consequently, API 
typing was necessary because of colony morphology variations. Lactobacillus parcasei 
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was the other identified colony, which had not been previously reported to grow on 
Esculin Cellobiose agar. Lactobacillus paracasei had circular, smooth to undulate edges 
with a punktiform in the center of the colony. 
For summer cheese MRS agar data, there was a slight initial drop in the number of 
total lactic acid bacteria from 4 x 108 cfu/g in the cheese at d 1 to 1 x 108 cfu/g at d 7 
(Table 8). From 7 to 120 d it remained constant between 1 x 108 and 2 x 108 cfu/g in all 
cheeses. There were no differences among treatments. For winter cheese MRS agar 
data, there was a decrease in the number oftotallactic acid bacteria from approximately 1 
x 108 cfulg in the cheese at d 1 to 4 x 107 cfu/g at d 7 (Table 8) then remaining around 
108 cfu/g at further samplings. This corresponds to the Esculin Cellobiose agar data 
above in which L. helveticus died off rapidly during early ripening and a small decline in 














1 d 7d 28 d 60 d 120 d 
-----------------------------(CFlJ/ g)------------------------------
l.lx108 1.5x108 1.7x108 2.lx108 1.6x108 
3.4 X 108 1.3 X 108 1.3 X 108 1.3 X 108 1.1 X 108 
1.9 X 108 8.3 X 107 5.9 X 107 7.2 X 107 6.2 X 107 
3.7 X 108 9.4 X 107 1.7 X 108 2.0 X 108 1.5 X 108 
1.4 X 108 2.7x 107 1.5 X 107 4.4 X 107 2.4xi07 
1.3 X 108 1.8 X 107 4.1 X 107 1.2 X 108 4.5x107 
1.4 X 108 2.4 X 107 2.2 X 107 9.3 X 107 2.9 X 107 
1.3x108 2.9 X 107 2.5 X 107 1.0 X 108 * 
*not tested 
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the amount oftotallactobacilli was followed by growth of nonstarter lactobacilli. From 7 
d to 120 d it remained constant between 3 x 108 and 7 x 108 cfu/g in all cheeses. There 
were no differences among the cheeses based on starter culture combinations used. 
The lactic acid bacteria population switch may be due to environmental conditions 
changing in the cheese that allow the initially inhibited contaminant nonstarters to be 
most prevalent (Crow eta!., 1995; Johnson, 2001). These counts were generally 
consistent with previous research in which comte cheese (a Swiss-type cheese) 
lactobacilli were enumerated on MRS agar at 108 cfulg from 3 to 24 wk (Grappin eta!., 
1999). 
Enumeration on M-17 agar was performed only on cheese made in the winter. 
There was a slight initial drop in the number of streptococci from approximately 1 x 108 
cfulg (Table 9) in the cheese at d 1 to 3 x 107 cfulg at d 7 as in the Esculin starter culture 
combinations. These counts were generally consistent with previous research where 
Table 9. Total streptococci count for winter cheeses using M-17 agar. 
Total streptococci 
Cheese 1 d 7d 28 d 60 d 120 d 
-------------------------(CFlJ/ gram)------------------------
L1P1 1.4 X 108 3.1 X 107 1.6 X 107 3.7 X 107 2.5 X 107 
L1P2 8.7 X 107 2.9 X 107 2.5 X 107 8.0 X 107 5.8 X 107 
L2P1 1.4 X 108 2.5 X 107 2.8 X 107 6.2 X 107 4.9 X 107 
L2P2 1.3 X 108 3.4 X 107 2.1 X 107 5.3 X 107 * 
*not tested 
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comte cheese streptococci were enumerated on M-17 agar (Grappin eta!., 1999). The 
streptococci populations declined slowly over time from 108 to 106 cfu/g at 1 to 8 wk to 
103 by 21 wk. 
Grading 
When the cheese was graded after 90 d of storage, it was found that the individual 
cultures and the culture combinations used during the cheese make had a significant 
effect on the grade of the cheese (Table 10 and 11, Figure 6) and the presence of splits. 
There was also a large seasonal variation. In the summer, when the P 1 starter was 
used, it caused 74% of the cheese to be downgraded because of splits; however, only 4% 
was downgraded in the winter. In contrast, when the P2 culture was used, an average of 
20% of the cheese was downgraded because of splits in the summer, but no splits were 
found in the winter cheese. On average, when the L2 was used, nearly 60% of the 
Table 10. Percentage of cheese down-
graded because of split defect in cheese 
made using lactobacilli L 1 or L2 and 
propionibacteria P1 or P2. 
Culture Summer Winter 
-------(%)-------
L1 31.7 1.6 
L2 59.4 3.1 
P1 74.0 4.2 
P2 20.0 0.0 
Table 11. Percentage of cheese down-
graded because of split defect based on 
the lactobacilli L1 or L2 and propioni-
bacteria P 1 or P2 culture combination. 
Culture Summer Winter 
-------(%)-------
L1P1 58.3 2.1 
L1P2 13.9 0.7 
L2Pl 89.6 6.3 
L2P2 29.2 * 
*not tested 
Figure 6. Swiss cheese after 90 d of storage made using (A) Ll P2 and (B) L2Pl starter 
culture combination. The circle around the letters represents an eye of 17 mm diameter. 
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summer cheese was downgraded, but only 3% of the winter cheese was downgraded. 
When the L 1 culture was used, 32% was downgraded in the summer and only 2% in the 
winter. 
The different combinations of the starters also affected the amount of cheese 
downgraded. In general, the starter combinations followed the same trend as the 
individual starters. At d 90, 90% of the cheese was split with the summer L2Pl 
combination (Table 11, Figure 6). The best summer combination was L1P2, where only 
14% of the blocks were downgraded (Figure 6). Even though less than 6% ofthe cheese 
split in the winter, the culture effect was nonetheless repeatable with a similar five-fold 
reduction through culture selection from 6% to 1%. 
Split defect increased over storage time in the summer cheese with 48% split at d 
90 and 73% by d 120 (Figure 7). The winter cheese did not show any splits at d 60, while 
up to 6% of the cheese split at d 90 and d 120. The reduced amount of splitting in the 
winter cheese was attributed to its lower moisture content as compared to the summer 
cheese. However, the percentage of split cheese in winter had the same relationship to 
cultures as did the summer cheese with the most splits occurring with L2Pl, and the least 
with L1P2. 
An attempt was made to find if there were any analytical measurements of the 
cheese that correlated with the prevalence of splits. Some correlations were statistically 
significant but apart from moisture content, none of the factors appeared to have a 





















Figure 7. Percentage of summer Swiss cheese downgraded at 90 and 120 d. Cheese 
was made using L1P1(.A.), L1P2(B), L2Pl(e), and L2P2(+) culture combinations. 
between downgraded cheese at 90 d and pH at 28 d (Table 12) was low (r = -0.40), 
hence, not significant (P > 0.1). 
There was a correlation between moisture content and cheese downgraded at 90 d 
(r = -0.44, P = 0.01) when summer and winter cheeses were combined (Table 13). This 
reflects the high number of splits in the higher-moisture summer cheese (2% higher 
moisture level). It is likely the lower moisture of the winter cheese contributed to a lower 
metabolic activity (i.e., gas production and proteolysis) and thus less split defect 
(Conner, 1988). When the cheeses made in the summer were analyzed separately, there 
was a positive correlation (r = 0.46, P = 0.04) between moisture content and splits (Table 
13). The nature of this positive linear correlation is not known, and it may not be of 
Table 12. Pearson correlation coefficients for pH compared 















Table 13. Pearson correlation coefficients of the average 
composition of cheese compared to downgraded cheese 
at 90 d. 
Cheese All Summer 
Moisture r -0.44 0.46 
p 0.01 0.04 
Fat r 0.35 -0.51 
p 0.04 0.02 
Protein r 0.21 0.36 
p 0.22 0.12 
Ca+ r -0.10 -0.41 
p 0.71 0.24 
Lactate D/L 
r -0.50 -0.45 
p 0.01 0.01 
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practical importance because the moisture range was small (0.9%), and cheese with the 
most splits (L2P1) had 37.0% moisture while cheese with the fewest splits (LlP2) had 
37.4% moisture. Although the differences in moisture in the summer cheeses were small, 
there was a consistent culture effect on moisture (see Table 2). The reason for this is 
unknown. 
There was a correlation between fat and downgraded cheese (r = 0.35, P = 0.04) for 
summer and winter cheeses combined (Table 13). This was probably because of the 
influence of moisture content on fat. The summer cheese had higher moisture and lower 
fat compared to the winter cheese. When the summer cheese was analyzed separately, 
there was a negative correlation between fat and downgraded cheese (r = -0.51, P = 0.02) 
(Table 13). Whether this is of any practical significance is not clear because the 
fat content ofL2Pl cheese was not significantly different from LlP2 cheese. There was 
no correlation between protein or calcium content and downgraded cheese at 90 d. 
Lactate DIL ratio compared to downgraded cheese at 90 d showed a significant 
negative correlation (r = -0.50, P = 0.01) for summer and winter cheeses combined 
(Table 13). However, the differences in lactate D/L ratio were so small that it may not 
be of practical importance because there was no significant difference between the cheese 
with the most (L2P1) and fewest (LlP2) splits. 
There was no significant correlation between the amount of intact as 1-casein 
remaining in the cheese and extent of split formation (Table 14 and 15). When all the 
cheeses were analyzed together, there was a significant but small (r = -0.58) correlation 
between ~-casein content and split formation (Table 14). However, this probably reflects 
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Table 14. Pearson correlation coefficients for intact as1-casein and P-casein (A1 and 
A2) remaining in the cheese compared to downgraded cheese at 90 d for all cheeses. 
Storage time 
1 d 7d 28 d 60 d 90 d 120 d 
as1-casem 
r -0.06 -0.19 -0.16 0.20 0.19 0.18 
p 0.81 0.48 0.55 0.42 0.50 0.53 
P-casein A1 
r -0.58 -0.47 -0.41 0.13 -0.46 -0.07 
p 0.01 0.07 0.10 0.61 0.09 0.81 
P-casein A2 
r 0.41 0.53 -0.26 0.58 0.38 0.26 
p 0.09 0.04 0.32 0.01 0.17 0.35 
Table 15. Pearson correlation coefficients for intact as1-casein and P-casein (A1 and 
A2) remaining in the cheese compared to downgraded cheese at 90 d for summer 
cheeses. 
Storage time 
1 d 7d 28 d 60 d 90d 120 d 
as1-casem 
r 0.15 0.17 -0.36 -0.40 -0.32 -0.54 
p 0.67 0.68 0.34 0.25 0.44 0.17 
P-casein AI 
r -0.49 -0.44 -0.26 -0.14 -0.58 -0.22 
p 0.15 0.27 0.48 0.70 0.13 0.60 
P-casein A2 
r 0.37 0.47 -0.30 0.36 0.43 0.37 
p 0.29 0.24 0.43 0.30 0.29 0.37 
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the lower moisture content of the winter cheese, its slower rate of proteolysis, and the 
subsequent reduced number of splits in the cheese. When the cheese from summer was 
analyzed separately, there were no significant correlations between P-casein and 
downgraded cheese (Table 15). Also, there were no significant correlations between 
extent of proteolysis (measured using TCA-N at 1 or 120 d) and split formation (Table 
16). 
Table 16. Pearson correlation coefficients of 
TCA-N compared to downgraded cheese at 90 d. 


















Only small variations were found in the composition of cheeses made during the 
same season. There were no correlations between cheese moisture, pH, fat, protein, 
calcium, lactose contents, lactate D/L ratio, or protein degradation that could be used to 
predict the number of splits present after 90 d of storage. 
There was a seasonal variation between summer and winter milk that resulted in a 
difference in cheese moisture content with summer cheese having 37.0 to 37.9% moisture 
and winter cheese having 35.0 to 35.5% moisture. Consequently, proteolysis was 
significantly higher in the summer cheeses. The higher moisture is believed to be the 
reason why the level of split defect was higher in the summer than in the winter cheeses. 
The extent of split formation was influenced by both the L. helveticus and P. 
freudenreichii ssp. shermanii culture used to make Swiss cheese. The L1P2 culture 
combination produced the lowest incidence of splits for the summer and winter cheeses 
( 14% and 1%, respectively). In this study, we were also able to show up to a five-fold 
reduction in downgraded cheese through proper culture selection from 90% to 14% in the 
summer cheese. Even though less than 6% of the cheese split in the winter, the culture 
effect was, nonetheless, repeatable with a similar reduction through culture selection 
from 6% to 1% in winter cheese. Thus, by choosing the proper L. helveticus and P. 
freudenreichii ssp. shermanii starter culture combinations, the incidence of splits can be 
reduced. 
When a high target moisture level (e.g., 37% to 39%) is used for manufacturing 
Swi ss cheese (as is the common practice in the U. S.), selection of the proper culture 
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combination becomes more important in controlling split defect. Split formation also 
increases with storage time. If a cheese has a tendency to split, there will be a higher 
percentage of downgraded cheese the longer it is kept in storage. 
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0-phthaldialdehyde test. (Church et al., 1983; Oberg eta!., 1991). The cultures 
were grown for I8 h in basal broth. A I% inoculum of each culture was transferred into 
separate tubes, each containing 10 ml of 10% sterile NDM. Further incubation of 
separate tubes at 40° C for I2 h was performed. A 2.5 ml sample from each tube was 
mixed with 1 ml distilled water before 5 ml of 0. 75 N trichloroacetic acid was added 
while tube contents were vortexed. After setting at room temperature for 10 min, the 
acidified samples were filtered through a Whatman (Clifton, NJ) number 2 filter paper. 
The OPA reagent was prepared by combining 25 ml of 100 mM sodium borate, 2.5 ml 
20% (wt/wt) SD, 40 mg OPA dissolved in 1 ml methanol, and 1 00).!1 of P-
mercaptoethanol, then adjusting the volume to 50 ml with H20. Fifty micro liters of 
each thawed TCA filtrate was mixed with I ml of OPA reagent on a I .5 ml quarts cuvette 
and the absorbance was read at 340 nm (Church et al., 1983; Oberg et al., 1991). 
Capillary Electrophoresis . Cheese samples were grated, uniformly mixed and 
weighed (1 .0 g) after which exactly a 20-fold volume of freshly prepared 10M urea 
(Baker analyzed ACS grade J. T. Baker, Inc., Phillipsdburg, NJ), 100 mM citric acid 
solution was added. Urea with minimal content of breakdown products such as 
icocyanate ions (that can react with free amino groups in proteins and interfere with the 
analysis) was used. The mixture was stirred for at least 1 h until all suspended cheese 
particles were dissolved. The cheese solution was then centrifuged for 10 min in two 
Eppendorf tubes and the clear supernatant under the floating lipid layer was taken out 
using a micropipette with a 1-ml plastic tip . The clear supernatant was filtered through a 
0.2-)lm, low protein-binding filter (Pall Gelman #4192, Ann Arbor, MJ). The filtrates 
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were stored at -20°C in Eppendorf tubes until applied to the capillary electrophoresis 
column for further analysis. Prior to column analysis, all samples were diluted 10-fold 
using a buffer containing 8 M urea and 5 mM citric acid (i.e., 2X the sample buffer 
concentration). The diluted samples were centrifuged to remove any precipitate. Eluted 
protein fractions were detected at 214 nm, and peak areas for each eluting fraction were 
calculated. Corrected peak areas were calculated by computer software (System Gold 
Software, version 7.11). 
TCA-soluble N. Grated cheese (20g) was homogenized for 5 min with lOOm! H20 
using a Stomacher 400 (Seward Medical, London, UK). The homogenate was held at 
40°C for 1 hand then centrifuged at 3000 g for 30 min at 4°C. The fatty layer was 
removed, and the supernatant was filtered through glass wool. Twenty-five ml of the 
extract was combined with a 25 ml volume of24% (w/v) TCA and held at 22°C for 2 h. 
The suspension was then filtered through 1-J..lm filter. The nitrogen content was 
determined using the Kjeldahl method (AOAC, 1990) 
Esculin Cellobiose Agar. Distilled water, 1 L; Agar, 15 g; Tryptone, 20.0 g; yeast 
extract, 5.0 g; cellobiose, 20.0 g; NaCl, 4,.0 g; Na acetate trihydrate, 1.5 g; Tween 80, 0.5 
g; esculin, 1.0 g; ferric ammonium citrate 0.5 g; 6.5 ml of a 0.2% chlorophenolred 
solution (suspend 0.2 g chlorophenol red in 2ml of ethanol and fill to 100 ml with 
distilled water). The medium was autoclaved 121 oc for 15 min. After cooling the pH 
should be 6.6 and red in color. For cell count estimation, the pour plate method was 
used. The agar plates were incubated for 48 hat 37 oc in anaerobic jars using H2+ C02 
generating kits (Hunger, 1986). 
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Appendix B 
Additional Capillary Electrophoresis Data Tables 
Table 17. as 1-casein peak area data for summer and winter cheeses. 
Peak area 
Summer Winter 
Cheese 1 d 7d 28 d 60 d 1 d 7d 28 d 60 d 
L1P1 8.64 7.71 4.92 2.96 8.34 6.59 5.15 3.52 
L1P2 9.87 7.86 5.01 2.50 8.30 7.56 4.84 3.04 
L2P1 9.28 7.97 5.25 1.82 7.86 6.87 5.01 3.29 
L2P2 9.22 8.27 4.97 1.80 8.49 8.81 5.05 2.54 
Mean 9.25 7.95 5.04 2.27 8.25 7.46 5.01 3.10 
----- ------------- - -----------(~)------------- ------- - --------
100 85.9 54.5 24.5 100 90.4 60.7 37.5 
Table 18. P-casein A1 peak area data for summer and winter cheeses. 
Peak area 
Summer Winter 
Cheese 1 d 7d 28 d 60 d 1 d 7d 28 d 60 d 
L1P1 6.23 5.40 2.32 1.67 4.54 3.87 2.44 1.84 
L1P2 4.98 3.93 2.43 1.00 4.66 4.27 2.38 1.90 
L2P1 4.92 3.99 2.62 0.85 4.48 4.15 2.48 1.62 
L2P2 5.90 5.02 3.15 1.51 4.75 4.43 2.41 1.88 
Mean 5.51 4.59 2.63 1.26 4.61 4.18 2.43 1.81 
- ----------------------------(~)------------------------------
100 83.3 47.7 22.9 100 90.7 52.7 39.3 
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Table 19. P-casein A2 peak area data for summer and winter cheeses. 
Peak Area 
Summer Winter 
Cheese 1 d 7d 28 d 60 d 1 d 7d 28 d 60 d 
L1P1 6.60 5.77 3.98 1.83 8.02 6.86 4.30 3.25 
L1P2 8.84 7.28 4.33 2.02 8.21 7.54 4.14 3.26 
L2Pl 8.65 7.34 4.61 1.82 7.97 7.40 4.41 3.08 
L2P2 7.56 6.47 3.95 2.01 8.54 7.62 4.25 3.34 
Mean 7.91 6.71 4.21 1.92 8.19 7.36 4.28 3.23 
-----------------------------(~)------------------------------
100 84.8 53 .2 24.3 100 89.9 52.3 39.4 
